There are GH-binding proteins (GHBPs) present in the blood of many species, and these correspond to the extracellular GH-binding domain of the GH receptor. In the rat, GHBP arises by alternative splicing of the GH receptor mRNA, but little is known of the physiological role of circulating GHBP, or its relationship with episodic GH secretion. We have developed a sensitive radioimmunoassay based on recombinant GHBP, and have measured rat GHBP levels in small samples of plasma from normal and GH-deficient dwarf rats. In normal adult rats, GHBP levels were two-to threefold higher in females than in males (16\m=.\6 \ m=+-\ 0 \ m= . \ 8 vs 6\m=.\4 \m=+-\ 0 \ m = . \ 4 \ g = m \ g / l , P < 0\ m=. 
plasma GHBP to 23\m=.\5\m=+-\ 3 \ m= . \ 5 \g=m\g/lcompared with 6\m=.\7 \m=+-\ 0 \ m= . \ 5 \g=m\g/l in sham-infused animals, whereas suppression of GH by continuous infusion of a l ong\ x=req-\ acting somatostatin analogue in female dwarf rats had no effect on GHBP. In anaesthetized rats, large changes in plasma GH caused by i.v. administration of rat GH, somatostatin or GH-releasing factor did not affect GHBP acutely. Both GH and GHBP were also measured in serial blood samples from conscious normal and dwarf rats. A sexually dimorphic GH secretory pattern was observed in both strains. Males showed peaks and troughs of GH every 3 h varying over a 100-fold range, whereas females exhibited more continuous GH secretion. Despite the large fluctuations in endogenous GH, GHBP levels remained relatively constant in individual normal or dwarf males, as well as in females of both strains, and there was no significant correlation between GH and GHBP either in individual rats or as a group. Our results suggest that GHBP is GH-dependent in the longer term, and that the higher GHBP levels in female rats require their continuous GH secretory pattern. However, plasma GHBP levels remain stable and are not affected by acute changes in endogenous or exogenous INTRODUCTION Proteins that bind growth hormone (GH) have been identified in the blood of many species, (Baumann, 1990 (Baumann, , 1991 Wallis, 1991) . After the sequence of the GH receptor was determined in the rabbit and man, it was found that the main GH-binding protein (GHBP) activity in serum corresponds to the extracellular GHbinding domain of the receptor (Leung, Spencer, Cachianes et al. 1987; Barnard, Quirk & Waters, 1989) , and shares a similar affinity and specificity with the full-length GH receptor (Leung et al. 1987; Baumann, 1991) . In man, the GHBP may derive from proteolytic cleavage of the receptor (Trivedi & Daughaday, 1988) , whereas the circulating GHBP in the rat arises from alternative splicing of the GH receptor pre-mRNA (Baumbach, Homer & Logan, 1989; Sadeghi, Wang, Lumanglas et al. 1990) .
As yet little is known about the physiological regu¬ lation of the receptor-related GHBPs, though GHBP production may well reflect changes in GH receptor gene expression. For example, in the rat, hepatic GH receptors and serum GHBP activity are both sexually dimorphic and can be up-regulated by exogenous GH ; Massa, Mulumba, Ketelslegers & Maes, 1990;  Mulumba, Massa, Ketelslegers & Maes, 1991) . The actions of GH are dependent on both the total amount released, and also on its secretory pattern (Clark, Jansson, Isaksson & Robinson, 1985;  Jeffery, Carter, Clark & Robinson, 1990) , and the presence of a circulating GHBP may well affect the way GH exerts its hormonal action (Martha, Reiter, Holcombe et al. 1991 ) . Conversely, the GH pattern itself may affect the expression of both GH receptors and GHBP activity (Sanchez-jimenez, Fielder, Martinez et al. 1990 ; Martha, Rogol, Blizzard et al. 1991e) .
The male rat is a good model in which to study this, since its GH secretory pattern is particularly episodic (Tannenbaum & Martin, 1976) Using an antiserum raised against recombinant rat GHBP we have developed a sensitive direct radio¬ immunoassay (RIA) for GHBP, which has been used to quantify endogenous rat GHBP levels in plasma samples from conscious rats, in which the spon¬ taneous GH secretory profiles were also measured. The assay has also been used to study changes in GHBP levels with postnatal development and hor¬ mone manipulations in both normal and GH-deficient dwarf rats (Charlton, Clark, Robinson et al. 1988 ). Some of these results have been presented in a prelimi¬ nary form (Carlsson, Carmignac, Clark et al. 1992 ).
MATERIALS AND METHODS
All recombinant GHBPs were produced in Escherischia coli and purified as previously described (Spencer, Hammonds, Henzel et al. 1988) at Genentech Ine, South San Francisco, CA, U.S.A. In this paper, hGHBP refers to a recombinant synthetic 26 kDa protein comprising the extracellular domain of the human GH receptor originally cloned and sequenced by Leung et al. (1987) . A3hGHBP refers to a shorter recombinant hGHBP in which the coding sequence corresponding to exon 3 of the human GH receptor has been deleted, and which is also thought to be produced in some tissues (Urbanek, Cooke & Liebhaber, 1991) . Two forms of rat GHBP were obtained. One, rGHBP238, corresponded to the first 238 residues of the extracellular domain predicted from the sequence of the rat GH receptor orginally cloned by Mathews, Enberg & Norstedt (1989 
Radioimmunoassay
The method finally adopted for assay of rat GHBP was as follows. Samples of rat plasma (25 pi) were diluted to 100 pi with PBS/BSA assay buffer. Stand¬ ard curves were prepared from doubling dilutions of recombinant A3hGHBP freshly diluted in 100 pi of 25% pooled human plasma stock. After the addition of 100 pi antiserum (code L64D) diluted 1:1000, followed 18 h later by 100 pi radioiodinated A3hGHBP (4000 c.p.m.), the assay was incubated overnight at room temperature. Bound and free tracer were separated by polyethylene glycol (PEG) precipi¬ tation (addition of 600 pi 18% (w/v) PEG, 002% (v/v) Triton X-100,0-15% (w/v) bovine gamma glob¬ ulin in Tris-HCl, 50 mmol/1, pH8-5), centrifuged (3000 g for 10 min) and the amount of ' 5I in the pellet determined in a gamma counter. Each assay included controls for total binding, and non-specific binding in the absence of antiserum, as well as quality-control aliquots from a rat plasma pool containing fixed amounts of endogenous GHBP. All values are expressed in terms of pg A3hGHBP/l.
Rat GH was assayed as previously described (Carmignac & Robinson, 1990) (Clark, Chambers, Lewin & Robinson, 1986) . A few animals were sampled overnight automatically, but most were sampled manually in order to obtain larger undiluted plasma samples to improve the detection limit for measuring basal GH levels in male dwarf rats (Carmignac & Robinson, 1990; Legraverend, Mode, Wells et al. 1992) .
RESULTS

GHBP radioimmunoassay
Several rabbits produced responses to immunization with rGHBPs, but the sera were generally of low titre (<1 :5000). The best of these, antiserum L64D, was raised against rGHBP261 and had a titre of 1:3000. It also recognized rGHBP238 but required fourfold more protein to achieve the same inhibition of binding. Initial at different ages, and from both normal AS rats and GH-deficient dwarf rats of the same strain.
The relationship between age and GHBP levels is illustrated in Fig. 2 (Fig. 3) . In a separate experiment, a group of six female dwarf rats was given a 7-day s.c. infusion of a long-acting somatostatin analogue, SMS201-995, at 150 pg/day. After 7 days, the plasma GHBP levels in the infused group were no different from those in the sham-infused controls (Fig. 3) .
Serial sampling studies
In anaesthetized normal female rats, GHBP levels remained stable in serial blood samples whether the animals were infused with saline or with substances that markedly altered the plasma levels of either endo¬ genous or exogenous GH secretion. Single i.v. injec¬ tions of hGRF (250 ng) which elicit a large endogenous GH pulse had no effect on plasma GHBP levels in five rats, nor did i.v. infusions of somatostatin 1-14 at 30 pg/h which suppressed endogenous rGH levels rapidly to less than 0-2 pg/1 (Fig. 4) , or a 2-h i.v. infusion of rGH which achieved a mean plateau plasma GH level of 46 ± 5 pg/1. In these experiments, plasma GHBP levels at the end of the infusions were 16-9 ±2-9 pg/1 in five saline-infused animals, 16-2 ±0-9 pg/1 in three rGH-infused animals, and 12 ± 1-4 pg/1 in eight somatostatin-infused rats (means ± s.e.m., all groups > 005).
Serial sampling experiments were then performed in 22 conscious normal and dwarf rats, to determine whether there were concomitant changes in GHBP levels related to their very different endogenous GH secretory profiles. One example from each strain and sex is shown in Fig. 5 , and the paired GH and GHBP measurements from all the animals are summarized in Fig. 6 . As expected, there was a pronounced sex difference in the GH profiles in normal animals, with a 3-hourly rhythm in the males and a continuous irre¬ gular secretion in females. Although the dwarf rats had significantly lower GH secretion, their secretory pattern remained sexually dimorphic, with males pro¬ ducing small peaks (10-to 50-fold lower than normal males) every 3-3-5 h, separated by periods in which GH levels fell below 0-2 pg/1, the assay threshold for 50 pi plasma. Like their normal counterparts, dwarf females secreted GH with a more continuous pattern, rarely falling below detectable levels.
Despite the marked fluctuations in spontaneous GH release in both normal and dwarf males and the marked difference in peak amplitudes, their GHBP levels were similar and remained stable over a 6-h sampling period (Fig. 5) (Baumann, Amburn & Shaw, 1988; Baumann, Shaw & Amburn, 1989a; Baumann, Shaw & Buchanan, 19896; Baumann & Shaw, 1990 Frick & Goodman (1991) found 50 pg hGH binding capacity/1. Our direct RIA is more in line with this lower estimate, detecting 5-25 pg/1 in normal rat plasma. At these levels, our assay is sensitive enough to detect GHBP in small volumes of rat plasma, but not in equivalent volumes of human plasma. Since the assay can also detect recombinant hGHBP, our results also indicate that normal human plasma GHBP levels must be considerably lower than those in the rat.
All immunoreactive GHBP values in rat plasma, including our own, must be interpreted with caution. Circulating GHBP is glycosylated (Haldosen & Gustafsson, 1990) , and Sadeghi et al. (1990) demon¬ strated at least two immunoreactive GHBP moieties in rat serum which differ in their extent of glycosyla¬ tion. Our antiserum was raised against unglycosylated recombinant GHBP and although both recombinant and endogenous rGHBP immunoreactivity gave par¬ allel dilution curves, the rat plasma GHBP would be underestimated if endogenous glycosylated GHBP cross-reacts less well than our recombinant standard in the assay. Conversely, the presence of inactive but immunoreactive GHBP fragments in rat plasma, would lead us to overestimate GHBP levels. These problems will only be resolved satisfactorily when a standard of purified natural rat GHBP is available to calibrate and compare all the current assays.
The present assay is unaffected by wide variations in endogenous or exogenous rat GH, unlike binding assays which require a correction factor derived from an estimate of the endogenous GH in each sample. However this RIA cannot distinguish between total and GH-bound GHBP levels, unlike the recently described ligand-mediated immuno-functional assay for human GHBP (Carlsson et al. 19916 ).
In agreement with previous studies (Massa et agreement with the ontogenetic pattern of both serum GH-binding activity and hepatic GH binding (Mulumba et al. 1991) .
No sex difference in GHBP was found in GHdeficient dwarf rats, with dwarf female GHBP levels no higher than those of dwarf males, suggesting that the increase GHBP in normal females might be depen¬ dent on their higher GH secretion. This was supported by the observation that continuous hGH infusion (to mimic the female pattern of GH secretion) in dwarf males greatly increased plasma GHBP levels. On the other hand, continuous infusion of a long-acting somatostatin analogue to inhibit residual GH secre¬ tion in dwarf females did not lower their plasma GHBP. Female rats have relatively high baseline GH levels compared with males (Eden, 1979; Clark, Carlsson & Robinson, 1987) , but it is unlikely that this is simply due to higher GHBP levels in females; GH is also continuously detectable in dwarf females, whose plasma GHBP levels are no higher than those in males.
That GHBP levels in the rat are dependent on GH exposure is supported by the study (Frick, Leonard & Goodman, 1990) , it would be surprising if GHBP levels were not affected by stimuli that affect GH receptor synthesis. On the other hand, GHBP could be regulated differentially, since this pro¬ tein is produced from a separate mRNA in the rat, detectable in several tissues (Carlsson, Billig, Rymo & Isaksson, 1990; Frick et al. 1990; Frick & Goodman, 1991; Tiong & Herington, 1991) .
In (Charlton et al. 1988 ). This is important, since these animals have been used to study GH pattern-sensitive sexually dimorphic hepatic proteins (Jeffery et al. 1990 ; Bullock, Gemzik, Johnson et al. 1991 ; Legraverend et al. 1992 ).
Our results show that total GHBP varies little throughout the day, despite large variations in GH secretion. Endogenous GH pulses would therefore reduce the number of available GH-binding sites mea¬ sured in an in-vitro binding assay, and the GHbinding capacity would appear to vary inversely with GH secretion even if the total amount of GHBP is unaffected. In man, the amount of GH/GHBP com¬ plex varies markedly and the changes correlate with the GH pulses, whereas the total GHBP concentra¬ tion is stable throughout the day and does not corre¬ late with GH pulses (Carlsson, Rosberg, Wong & Albertsson-Wikland, 1991a) .
Even with our lower values for plasma GHBP, one would predict that in the rat a significant fraction of GH concentrations should be bound (Sadeghi et al. 1990) . Is this the case in vivo! Earlier studies with radiolabelled hGH and purified (Baumann et (Cunningham, Ultsch, Devos et al. 1991) . The availability of a sensitive assay for GHBP in the rat may help us to study the role of this protein in the physiology of GH action in this species.
